Diffusely adhering Escherichia coli (DAEC) has been recognized as one of the six classes of diarrheagenic E. coli (for a review, see reference 47). DAEC strains, which are defined by their diffuse adherence pattern on cultured epithelial HeLa or Hep-2 cells (17, 57) , have been associated with persistent diarrhea in children older than infants (4, 28, 32, 37) . In addition, some DAEC strains have been involved in uropathogenic infections (35, 36, 49, 52, 65) . The only known virulence factors of DAEC strains are their adhesins. Most of the DAEC adhesins belong to the Afa/Dr family of adhesins, which recognize as a receptor a glycosylphosphatidylinositol-anchored protein, the decay-accelerating factor (DAF or CD55) (48) . The Afa/Dr family includes the AfaE-I and AfaE-III adhesins (26, 35, 36) , the Dr and DR-II adhesins (42, 49) , and the F1845 adhesin (8, 9, 39) . A DNA sequence from the F1845 adhesin operon (daaC) (9) has been used as a DAEC probe in several epidemiological studies. However, the lack of a probe common to all DAEC strains has somewhat hindered the relevance of epidemiological studies. The DAEC family appears as a heterogeneous group of E. coli strains which might be evolutionarily close to enteroaggregative E. coli (18, 62) . On the other hand, a subset of diffusely adhering strains have been renamed diffusely adhering enteropathogenic E. coli because they contain a homologue of the locus of enterocyte effacement pathogenicity island and exhibit pathogenic properties characteristic of enteropathogenic E. coli strains (5, 61) .
Insights into the cellular events occurring after the interaction of Afa/Dr DAEC strains with host cells have been obtained using the strain C1845 harboring the F1845 adhesin, which was isolated from a child with diarrhea (8, 9) . It has been observed that this strain promotes elongation of the cell membrane in nonintestinal undifferentiated cells (16) . Using human differentiated intestinal cells in culture, we have demonstrated that adhesin F1845 interacts with the brush border-associated CD55 molecule (6, 7) and that cell infection by strain C1845 is followed by elongation of brush border microvilli resulting from rearrangement of the F-actin network (6) . Recently, evidence has been provided that the F-actin disorganization results from the activation of a cascade of signaling coupled to the glycosylphosphatidylinositol-anchored receptor CD55 (51) .
Although structural alterations following Afa/Dr DAEC adherence have been examined, the changes in epithelial-cell physiology induced by DAEC have not been addressed. In polarized epithelial cells, it is well established that the junctional complex regulates paracellular solute flow and lateral diffusion between apical and basolateral plasma membrane domains (for reviews, see references 21 and 40) . Several cytoskeleton-associated proteins play pivotal roles in the architectural organization of the polarized cells. Moreover, it is well established that several gastrointestinal epithelial functions are influenced by the establishment and maintenance of the polarized organization of the epithelial intestinal cells. Indeed, the organization of polarized epithelial cells in monolayers provides a permeability barrier between different environments (1, 14, 19, 20, 42, 60) . The junctional complex is a highly developed structure which functions as a "fence" separating the apical and basolateral domains, thereby segregating cell surface proteins and lipids in each domain. The junctional complex also functions as a "gate" to provide a permeability barrier between the mucosal and serosal environments and to enable vectorial transport across the cellular layer. The complexity of regulation of the paracellular pathway by its well-defined structures is now apparent and is permanently in progress.
In the present study, we investigated whether infection by the Afa/Dr DAEC strain C1845, which promotes apical-cytoskeleton disassembly, alters the barrier and transport functions of intestinal epithelial cells. Using culture monolayers of the polarized human intestinal cell line Caco-2/TC7, we show that C1845 infection induces an increase in paracellular permeability to radiolabeled probes and alterations in the distribution of tight junction (TJ)-associated proteins. These structural and functional injuries localized at the TJs in cell-cell junctional complexes provide new insights into the pathophysiological events occurring upon infection by Afa/Dr DAEC strains.
MATERIALS AND METHODS
Reagents. [2- 3 H]mannitol (15 to 30 Ci/mM) was from Amersham (Les Ulis, France). [1,2- 3 H]polyethylene glycol (PEG) 900 (2 Ci/mM) was from NEN (Paris, France). Fluorescein-5 and -6 sulfonic acid (FS) and Jasplakinolide (JAS) were from Molecular Probes (Eugene, Oreg.).
Cell culture. The cultured human colonic adenocarcinoma Caco-2/TC7 clone cells (13) established from the parental Caco-2 cell line (24, 55) were used. Cells were routinely grown in Dulbecco modified Eagle's minimal essential medium (25 mM glucose) (Eurobio, Paris, France) supplemented with 20% fetal calf serum (Boehringer, Mannheim, Germany) and 1% nonessential amino acids. For maintenance purposes, the cells were passaged weekly using 0.25% trypsin in Ca 2ϩ Mg 2ϩ -free phosphate-buffered saline (PBS) containing 3 mM EDTA. The cells were seeded in 24-well tissue culture plates (Corning Glass Works, Corning, N.Y.) at a concentration of 2.5 ϫ 10 4 per well. Maintenance of the cells and all experiments were carried out at 37°C in a 10% CO 2 -90% air atmosphere. Differentiated cells were used at late postconfluence, i.e., 15 days in culture.
Bacterial strains. The clinical isolate E. coli C1845 harboring the fimbrial F1845 adhesin (9) and the HB101 laboratory strain carrying high-copy-number plasmid pSSS1 or low-copy-number plasmid pSSS1C, both expressing the F1845 fimbrial adhesin, were grown at 37°C for 18 h in Luria broth (Difco Laboratories, Detroit, Mich.) with the appropriate antibiotic for the recombinant strain. The bacterial cultures were washed in Luria broth before infection.
Spent culture supernatant of an 18-h culture of strain C1845 (C1845-SCS) was obtained by centrifugation at 10,000 ϫ g for 30 min at 4°C. C1845-SCS was sampled and centrifuged at 10,000 ϫ g for 30 min at 4°C. The centrifuged C1845-SCS was passed through a sterile 0.22-m-pore-size filter unit, Millex GS (Millipore, Molsheim, France). The filtered C1845-SCS was controlled for the absence of C1845 bacteria by plating it on tryptic soy agar to confirm the absence of bacterial colonies.
The Salmonella enterica serovar Typhimurium strain SL1344 (22) was cultured in Luria broth at 37°C.
Cell infection. The method used for Caco-2/TC7 cell infection has been described elsewhere (6, 7) . Briefly, the cell monolayers were washed twice with PBS. Infecting E. coli bacteria were suspended in culture medium, and a total of 10 8 CFU/well of this suspension was added to each well of the tissue culture plate. The infection assay was conducted in the presence of 1% mannose to prevent type 1 fimbria-mediated binding. The plates were incubated at 37°C in 10% CO 2 -90% air for 3 h. The monolayers were then washed three times with sterile PBS. Each assay was conducted in triplicate with three successive passages of Caco-2/TC7 cells.
Infection culture medium of DAEC C1845-infected Caco-2/TC7 cells (C1845-ICM) was obtained from 3-h-infected cells. C1845-ICM was sampled and centrifuged at 10,000 ϫ g for 5 min at 4°C. The centrifuged C1845-ICM was passed through a sterile 0.22-m-pore-size filter unit (Millex GS). The filtered C1845-ICM was controlled for the absence of C1845 bacteria by plating it on tryptic soy agar to confirm the absence of bacterial colonies. C1845-ICM was 20-fold concentrated with an ultrafree centrifugal filter device with a 100-kDa cutoff (Millipore).
Antibodies. Monoclonal antibodies (MAbs) against ZO-1 protein and E-cadherin were from Biogenesis (Interchim, Montluçon, France). The MAb directed against occludin was obtained from Zymed laboratories (San Francisco, Calif.). Fluorescein isothiocyanate (FITC)-phalloidin was from Molecular Probes Inc. Anti-rabbit and anti-mouse FITC-coupled and rhodamine isothiocyanate-coupled goat antiglobulins were from Institut Pasteur Productions (Paris, France).
Immunofluorescence. Monolayers of Caco-2/TC7 cells were prepared on glass coverslips, which were placed in 24-well tissue culture plates (Corning Glass Works). The cell monolayers were fixed for 15 min at room temperature in 3.5% paraformaldehyde in PBS, washed three times, and then treated with 50 mM NH 4 Cl for 10 min. When ZO-1, occludin, and E-cadherin were to be visualized, the coverslips were permeabilized by incubation with 0.2% Triton X-100 in PBS for 4 min, and the coverslips were then washed three times with PBS. The permeabilized cell monolayers were incubated with specific primary antibody (diluted 1:20 to 1:100 in 0.2% gelatin-PBS) for 45 min at room temperature, washed, and then incubated with their respective secondary FITC-or rhodamine isothiocyanate-conjugated antibody. Appropriate secondary antibodies were used at a dilution of 1:20 to 1:200 in 0.2% gelatin-PBS. No fluorescent staining was observed when nonimmune serum was used or when the primary antibody was omitted.
When F-actin was to be visualized, the coverslips were permeabilized by incubation with 0.2% Triton X-100 in PBS for 4 min at room temperature before incubation with fluorescein-phalloidin for 45 min at room temperature. The coverslips were then washed three times with PBS.
Specimens were mounted in Dabco antifadent mounting medium (Citifluor Laboratories, Birmingham, United Kingdom). The specimens were examined by epifluorescence microscopy using a Leitz Aristoplan microscope with epifluorescence coupled to an Image Analyzer Visiolab 1000 (Biocom, Les Ulis, France) with a 100ϫ oil immersion objective. More than 200 individual cells were examined for each assay conducted in triplicate with three successive passages of Caco-2/TC7 cells. All photographs were taken on T-MAX 400 black and white film (Eastman Kodak Co., Rochester, N.Y.).
Confocal analysis was conducted with a confocal laser scanning microscope (model TCS SP; Leica, Heidelberg, Germany), using a UV 100ϫ.4NA 0.1 PL APO 1.4 to 0.7 objective. Photographic images were resized, organized, and labeled with Adobe (San Jose, Calif.) Photoshop software. The printed images are representative of the original data.
LDH release. Cell integrity was determined by measuring the lactate dehydrogenase (LDH) in the culture medium postinfection using a commercially available kit, Enzyline LDH (Biomérieux, Dardilly, France). The results are expressed as the percentage of LDH released; 100% LDH release was measured in control H 2 O-lysed cells.
Transepithelial resistance measurements. Monolayers of Caco-2/TC7 cells grown in filters mounted in chamber culture (Costar culture plate inserts; 0.4-m porosity; 4.7 cm 2 ; 3 ϫ 10 4 cells per cm 2 ), which delineates an apical (luminal) and a basolateral (serosal) reservoir. After bacterial infection, the integrity of the confluent polarized monolayers was checked by measuring transepithelial membrane resistance (TER) with a volt-ohmmeter (Millicel ERS; Millipore). TER was calculated as ⍀ ⅐ cm 2 by multiplying the measured electrical resistance by the surface area of the filter. The background reading of the free control filter was subtracted.
Permeability measurements. The permeability of Caco-2/TC7 cell monolayers was determined by measuring the paracellular passage of water-soluble radioactive or fluorescent compounds of various sizes from apical to basolateral compartments of the chamber culture (Costar culture plate inserts; 0.4-m porosity; 3 ϫ 10 4 cells per filter).
3 H]PEG, or FS was dissolved in culture medium. To determine flux in the apical-to-basolateral direction, the tracer solution (2.5 Ci/ml for radioactive compounds or 200 g/ml for FS) was loaded into the apical side of the monolayer, and the cells were incubated for 1 h at 37°C. After the incubation period, the tracer concentrations in the apical and basolateral compartments were assayed. The concentrations of [ 3 H]mannitol and [ 3 H]PEG were determined by measurement in a ␤-scintillation counter. Values were corrected for the background radioactivity of the medium or PBS, as appropriate. The fluorescence due to FS was determined with a Jobin-Yvon JY3C spectrofluorimeter at an excitation wavelength of 410 nm (slit width, 2 nm) and an emission wavelength of 530 nm (slit width, 10 nm).
JAS treatment. JAS (1 M) was added to the culture medium 45 min before infection. Treatment was maintained during the infection time course (3 h). In a preliminary experiment, we confirmed that JAS at the concentration used had no effect on DAEC C1845 binding. Moreover, examination of uninfected cells treated with JAS by measuring LDH release and TER showed no modification in the cell and monolayer integrities.
Analysis. Results are expressed as means Ϯ standard error of the mean. For statistical comparisons, Student's t test was performed.
RESULTS
DAEC C1845 infection induces dome formation in Caco-2/ TC7 cell monolayers, revealing an increase in paracellular permeability. In polarized epithelial cells forming monolayers, the intercellular junctional complexes are the major intercellular structures that restrict permeation through the paracellular spaces (for reviews, see references 1, 19, and 42). Indeed, epithelia forming barriers regulate the vectorial transport of ions and solutes between different biological compartments separated by these barriers. Caco-2 cells forming monolayers cultured on impermeable support, i.e., on plastic culture dishes, are known to be a constitutively dome-forming cell line. These domes result from fluid accumulation in randomly distributed areas that evolve into the monolayers (29) .
We observed an increase in the level of domes formed in Caco-2/TC7 clone cells upon Afa/Dr DAEC strain C1845 in-fection. In order to visualize this phenomenon, the infected Caco-2/TC7 cell monolayers were fixed, embedded in Epon, and reembedded in order to make sections perpendicular to the bottom of the flask. Examination by light microscopy of semithin sections of DAEC C1845-infected Caco-2/TC7 monolayers at 3 h postinfection revealed that domes of different sizes were formed ( Fig. 1) : small domes in which a small number of cells were detached from the bottom of the flask culture (Fig. 1B) and large domes including a large number of cells detached from the bottom of the flask culture without disruption of the monolayer (Fig. 1C) . Determination of the release of LDH in the culture medium showing no release of the intracellular enzyme compared with the noninfected cells (control, 16 Ϯ 5 U/liter; infected cells, 17 Ϯ 4 U/liter) demonstrates that cell integrity is maintained in DAEC C1845-infected cells. An increase in areas where fluid accumulates has been observed in Caco-2 cells under different types of physiological stimulation (for a review, see reference 66). Because some enterovirulent pathogens alter TJs, we have conducted additional experiments to determine whether the DAEC C1845-induced dome formation results from alterations induced in the TJs of the Caco-2/TC7 cell monolayers.
DAEC C1845 infection of Caco-2/TC7 cell monolayers disrupts TJ gate function: nonionic molecules. In order to examine the mechanism by which the dome formation occurs, we have conducted a set of experiments. The effect of DAEC C1845 infection in a Caco-2/TC7 intestinal monolayer on the paracellular diffusion of nonionic molecular tracers was determined. Paracellular permeability was measured using defined paracellular markers of different sizes: [ 3 H]mannitol, 182 Da; FS, 478 Da; and [
3 H]PEG 900, 900 Da. The mucosal-to-serosal flux rate of markers across the filter-grown Caco-2/TC7 monolayers was determined at 3 h postinfection ( Fig. 2A) . The rate of unidirectional flux of markers was negligibly low in control monolayers. DAEC C1845 infection resulted in a highly significant increase in the paracellular permeability for [ 3 H]mannitol compared with that of control monolayers. In contrast, no change in the paracellular permeability of FS and PEG 900 was found. In order to determine whether the size of the DAEC C1845-induced junctional lesion evolved during DAEC C1845 infection, the mucosal-to-serosal flux rates of [ 3 H]mannitol and FS across the monolayers were determined at 5 h postinfection. No significant change in the paracellular permeability to [ 3 H]mannitol and FS occurred at 5 h postinfection compared with that of 3 h postinfection (Fig. 2B) .
The effect of DAEC C1845 infection on the TER in Caco-2/TC7 cell monolayers was examined. No change in TER measured on filter-grown Caco-2/TC7 monolayers was found upon DAEC C1845 infection (control, 784 Ϯ 10 ⍀ ⅐ cm 2 ; infected cells, 792 Ϯ 15 ⍀ ⅐ cm 2 ). This result was intriguing, since it has been generally observed that upon bacterial infection increase in diffusion of nonionic molecules is accompanied by a decrease in TER. In consideration of this, we controlled the response of the Caco-2/TC7 monolayers to bacterial infection. For this purpose, Caco-2/TC7 cell monolayers were infected by serovar Typhimurium strain SL1344, known to induce a decrease of TER in Caco-2 cells by altering TJs (22, 33) . After a 4-h period of infection, strain SL1344 induced a highly significant decrease of TER in Caco-2/TC7 cell monolayers (control, 800 Ϯ 15 ⍀ ⅐ cm 2 ; infected cells, 412 Ϯ 10 ⍀ ⅐ cm 2 ). When the pH values of the incubating medium in DAEC C1845-infected Caco-2/TC7 cells at 3 h postinfection were examined, a pH of 5.4 was observed, indicating that acidosis develops during infection. It has been reported that incubation of Caco-2BB2 cell monolayers at a pH of 5.43 during a longterm exposure of 6 to 24 h results in an increase of nonionic molecule permeability (46 DAEC C1845 infection induces selective alterations in distribution of TJ-associated proteins. The above-described increase in the paracellular permeability to [ 3 H]mannitol upon DAEC C1845 infection suggests a mechanism involving alteration in the distribution of functional proteins associated with the junctional complexes. For polarized epithelial cells forming monolayers, the intercellular junctional complexes include well-defined structures: TJs or zonula occludens (ZO), zonula adherens (ZA), and desmosomes (for reviews, see references 1, 19, and 42).
The most apical structures of the junctional complex are the TJs, which function as the major paracellular barrier. Functional proteins have been identified as specifically associated with the TJs. Several cytoplasmic-protein members of the membrane-associated guanylate kinase (MAGuK) family of proteins, including the ZO-1, -2, and -3 proteins (2, 31, 59), interact either directly or indirectly with occludin and may recruit signaling molecules as well as the actin cytoskeleton to the TJs. The functional transmembrane protein occludin localized to TJ strands appears to be involved in TJ gate function (25, 30, 45) . We examined whether the distribution of TJassociated proteins in Caco-2/TC7 cells is modified upon DAEC C1845 infection. Figures 3 and 4 show that occludin and ZO-1 staining were localized to sites of cell-cell boundaries in control uninfected cells. The distributions of both ZO-1 and occludin were characterized by a brightly stained continuous band and displayed sharp, honeycomblike organization. Analyzed by confocal microscopy, the occludin distribution in DAEC C1845-infected cells appeared profoundly modified (Fig. 3) . The confocal microscopy analysis conducted from the apical to the basolateral domains of the cells shows that the localization of occludin was lower (Fig. 3B) than that in control cells (Fig. 3A) . Moreover, the occludin labeling was disorganized, with formation of large gaps (Fig. 3D ) compared with that in control cells (Fig. 3C) . In DAEC C1845-infected cells, the ZO-1 staining also appeared disorganized, with marked discontinuities (Fig. 4) .
Next to the TJs lies the ZA, also called the adherens junction. The main adhesion receptors in the ZA are the classical cadherins associated with catenins (for reviews, see references 10, 27, and 60). The classic cadherins (e.g., E-, N-, and P-cadherins) are single-transmembrane-domain proteins involved in calcium-dependent homophilic cell-cell recognition and adhesion. Among their functions, cadherins orchestrate the assembly in the intercellular adherens junctions of the electron-dense plaque that anchors microfilaments to the plasma membrane by linking the cadherin-catenin complex to the actin cytoskeleton, thereby playing a pivotal role in the establishment and maintenance of the cell architecture (for a review, . We examined whether E-cadherin distribution is modified upon DAEC C1845 infection. As shown in Fig.  4 , E-cadherin distribution in control uninfected cells forms a larger continuous band with a honeycomblike organization. No obvious change was found in the E-cadherin distribution in C1845-infected Caco-2/TC7 cells.
Altogether, these results demonstrate that infection by DAEC C1845 bacteria in polarized epithelial intestinal cells forming monolayers is followed by redistribution of TJ-associated ZO-1 and occludin proteins, whereas the ZA-associated E-cadherin is unchanged. These results suggest a specific opening of a functional cell barrier localized at the TJs in the junctional domain.
Characteristics of the DAEC C1845-induced structural and functional alterations in TJs. We have previously reported that the DAEC C1845-induced cell injuries in Caco-2 cells result from the F1845 adhesin interaction with CD55 as a receptor (6) . To determine whether the DAEC C1845-induced alterations in TJs are dependent on the F1845 adhesin-receptor interaction, we designed experiments using the recombinant E. coli HB101 strains carrying the high-copy-number plasmid pSSS1 or the low-copy-number plasmid pSSS1C, both expressing the fimbrial F1845 adhesin (Table 1 and Fig. 1 and 5 ).
Examination by light microscopy of semithin sections revealed that no dome was observable in the HB101(pSSS1)-infected Caco-2/TC7 monolayers at 3 h postinfection (Fig. 1D) . No change in paracellular passage of [ 3 H]mannitol was observed in the Caco-2/TC7 cells infected with the recombinant HB101(pSSS1) and -(pSSS1C) strains (Table 1) . Similarly, distribution of TJ-associated ZO-1 and occludin was not altered with the strain HB101(pSSS1) (Fig. 5) .
It has been reported that enterovirulent pathogens altered epithelial barrier and transport functions by their secreted toxins (58) . In order to examine whether the observed DAEC C1845-induced functional TJ lesions result from secreted components, we conducted an additional experiment. An 18-h spent culture supernatant of the strain (C1845-SCS) and a 3-h infection culture medium of Caco-2/TC7 cells (C1845-ICM) were centrifuged, filtered, and applied to Caco-2/TC7 cell monolayers to determine their effects on the paracellular passage of [ 3 H]mannitol. As shown in Table 1 , both C1845-SCS and C1845-ICM failed to promote any change in the passage of mannitol.
It has previously been reported that alterations in the junctional domain could result from the contraction of the apical cytoskeleton in polarized epithelial cells as a consequence of centrifugal traction of the TJ membrane, thus regulating TJ permeability (43, 50, 63) . Stabilization of actin filaments can easily be obtained by treating the cells with JAS, a monocyclic peptide isolated from the sea sponge Jaspis johnstoni (64) . The effect of JAS against DAEC C1845-induced increase in paracellular permeability to [ 3 H]mannitol and apical F-actin and TJ-associated protein distribution is shown in Table 1 and Fig.  6 . Different results were obtained for F-actin, ZO-1, and occludin distribution. JAS treatment was followed by the reappearance of the apical distribution of F-actin and ZO-1 protein, but not of occludin. F-actin immunolabeling in C1845-infected cells treated with JAS shows the homogenous, fine, and flocculated actin labeling centrally in the cells, representing microvillus-associated F-actin (Fig. 6C) . ZO-1 immunolabeling in C1845-infected cells treated with JAS (Fig. 6F) shows the characteristic brightly stained continuous band with honeycomblike organization observed in control uninfected cells (Fig. 6D) . In contrast, the immunolabeling of occludin in C1845-infected cells treated with JAS reveals a diffuse immunolabeling (Fig. 6I) showing discontinuities in occludin labeling were still observed. When examining the effects of JAS against the DAEC C1845-induced increase in paracellular permeability of Caco-2/TC7 monolayers to [ 3 H]mannitol, we found that JAS treatment does not modify the increased passage of [ 3 H]mannitol from the mucosal to the serosal compartment (Table 1) . Taken together, these results indicated that stabilization of the apical F-actin network is not sufficient to prevent all the DAEC C1845-induced functional TJ injuries.
DISCUSSION
Several enteropathogens target the junctional complex in the gastrointestinal epithelium to develop pathogenicity (for a review, see reference 23). Moreover, the target proteins of several bacterial toxins are localized at the junctional complexes of polarized epithelial cells (for a review, see reference 58). The results presented here show that alterations observed in the junctional domains of monolayers of polarized Caco-2/ TC7 cells upon Afa/Dr DAEC C1845 infection are quite different from those produced by other enterovirulent bacteria altering the junctional domain. In particular, we demonstrate that cell infection results in selective lesions in the intestinal epithelial barrier. Indeed, the paracellular permeability to [ 3 H] mannitol was increased with no change in paracellular passage of nonionic molecules having higher molecular masses. This phenomenon was accompanied by a dramatic alteration in distribution of TJ-associated ZO-1 protein and occludin. In contrast, no change in TER was observed. The functional dissociation of paracellular permeability from electrical resistance upon DAEC C1845 infection is surprising, since these two parameters have generally been considered to evolve in parallel. For example, oxidant-induced disruption of epithelial barrier function in Caco-2 and T84 cells promotes a reduction in TER accompanied by an increase in [
3 H]mannitol permeability (56) . An identical situation has been observed upon bacterial infection. Short-term infection of the polarized MadinDarby canine kidney (MDCK) II monolayers with strain SL1344 resulted in morphological distortions in the intercellular junctions affecting distribution of E-cadherin and ZO-1 protein and a progressive decrease in TER (33) . Enteropathogenic E. coli (11, 54) or enterohemorrhagic E. coli (53) infection promotes structural and functional alterations in the junctional domain characterized by changes in the resistance and permeability of the monolayers, accompanied by irregular distribution of the TJ-associated ZO-1 protein. However, the apparent dissociation of changes in TER and transepithelial mannitol flux is not without precedent. Li et al. (38) recently reported that the Shiga toxin-producing E. coli expressing the locus for enterocyte effacement causes disruption of the epithelial-cell function in T84 cells without inducing the typical attaching-effacing lesion and disruption of the actin cytoskel- eton. Shiga toxin-producing E. coli infection is characterized by an increase in mannitol permeability accompanied by an unconventional increase in TER. In consideration of recent results, the correlation between TER and the permeability of the monolayers has now been reexamined. A decrease in TER resulting from tumor necrosis factor alpha treatment of Caco-2BBE cells was not accompanied by a change in the transepithelial flux of mannitol (44) . When examining the role of RhoA and Rac 1 in TJ structure and function, Jou et al. (34) demonstrated that the TJs behave as a molecular sieve that determines molecule diffusion based on size. Balda et al. (3) reported that in the low-resistance MDCK strain 2 cells expressing terminally truncated chicken occludin (HAoccludinCT3), a discontinuous junctional staining pattern of HAoccludin-CT3 and a disrupted junctional distribution of endogenous occludin were observed. Surprisingly, this alteration was accompanied by an increase in paracellular permeability without a change in the size and ion selectivity of the paracellular pathway, and it does not correlate with a decrease in TER. Moreover, the observed alteration of the fence function separating lipids into apical and basolateral domains demonstrates a failure in TJs. It was interesting to note that the results obtained upon Afa/Dr DAEC C1845 infection in Caco-2/TC7 monolayers resemble the observations obtained with mutant occludin. The status of occludin that functions as regulated forming or activating protein could explain several of the contradictory results observed. A current opinion is that the junctional barrier contains pores or channels which could be selectively opened under different physiological and pathological situations. A model involving the presence of fluctuating aqueous channels embedded in TJ strands modulating one parameter without affecting the other has been proposed by Claude (15) and modified by Cereijido et al. (12) . According to this hypothesis, a series of one or more diffusion barriers are not continuously tightly sealed but can be opened and closed in a fluctuating manner upon physiological stimulation or in a pathological situation. Two mechanisms have been proposed to explain these phenomena. The first, adjusting the number of parallel strands, results from modulation of the spacing between the parallel strands and the frequency of cross bridges. The second results from interdigitating TJ strands on the extracellular surfaces of opposing membranes, thus forming a molecular sieve to regulate ion and solute diffusion along the paracellular pathway. When examining whether the stabilization of the apical Factin cytoskeleton by JAS treatment could block the DAEC C1845-induced TJ injuries, we found surprising results. Indeed, we showed that JAS treatment leads only to the reappearance of ZO-1 distribution without any change in occludin distribution or in the increase in paracellular permeability to permeability in Caco-2 cells. Indeed, using the actin-disassembling drug cytochalasin b, these authors observed that inhibitors of the protein synthesis blocked the cytochalasin binduced ZO-1 disassembly but failed to block the induced decrease in TER. Taken together, these results suggest that the reappearance of TJ-associated ZO-1 protein, which is an indication of the "retightening" of TJs, is not sufficient to promote the functional "reclosure" of the TJs. This could result from the different status of ZO-1 and occludin proteins. The MAGuK proteins of TJs, called ZO-1, ZO-2, and ZO-3 proteins, are localized in the cytoplasmic plaque domains of TJs (for reviews, see references 1, 14, 19, and 42). The complex of ZO proteins may be the center of a network of proteinprotein interactions, such as the recruitment of proteins to establish TJs, which are essential to signal transduction events.
Moreover, the cytoplasmic plaque proteins establish a link with the underlying actin-based cytoskeleton. The status of occludin in TJs is different from that of ZO-1 protein. Indeed, occludin, as claudin(s) and JAM, is a membrane-associated molecule with NH 2 and COOH termini localized in the cytoplasm, whereas two extracellular loops project into the paracellular space. Through its COOH terminus, occludin interacts with the ZO-1 protein, establishing in turn a link with the cytoskeleton. In parallel, through its extracellular loops occludin behaves as a cell-cell adhesion molecule by interacting with another occludin in the neighboring cell or other membrane-associated molecules projecting loops in the paracellular space. These loop-to-loop interactions in the paracellular space seem to play a pivotal role in the sealing and/or opening of the paracellular space. The observation reported here that FIG. 6 . Effects of JAS on the DAEC C1845-induced alteration in distribution of apical F-actin and TJ-associated ZO-1 and occludin proteins in Caco-2/TC7 cells. The cells were processed as described in the legend to Fig. 3. (A, D, treatment with the F-actin-stabilizing agent JAS promotes the reinstallation of the ZO-1 protein without an effect on occludin is of interest in regard to the above-described different statuses of ZO-1 and occludin. In view of the data presented here, it is tempting to speculate that (i) the relocalization of ZO-1 upon JAS treatment in C1845-infected cells results from the stabilization of the cytoskeleton and from the link between F-actin and the ZO-1 protein; (ii) the incomplete relocalization of occludin, which plays a pivotal role in sealing the TJs, upon JAS treatment in C1845-infected cells, could explain how the DAEC C1845-induced increase in paracellular permeability to [ 3 H]mannitol remains unchanged (Fig. 7) .
In summary, our data present evidence for the first time that the Afa/Dr DAEC strain C1845 promotes increases in epithelial permeability through disassembly of TJ-associated proteins. Moreover, we show that DAEC C1845-induced alterations in TJs are not due to an apical cytoskeleton disassembly induced by the F1845-CD55 interaction. The pathophysiological consequences of the DAEC C1845-induced increase in epithelial permeability in vivo could be either an alteration in electrochemical gradients in the intestinal epithelium resulting in diarrhea or the initiation of an inflammatory response. In order to provide new insights into the pathophysiological mechanism by which the Afa/Dr enterovirulent DAEC promotes TJ lesions, we are attempting to identify the DAEC C1845 virulence factor promoting TJ alterations. Moreover, an additional biochemical analysis of the TJ-associated proteins will be required to understand the signal transduction involved.
